Introduction
The mouse major urinary proteins (MUPs) are a closely related group of small acidic proteins which are synthesised in the liver, secreted into the blood and subsequently excreted in the urine. There are 35 MUP genes in the mouse genome . On the basis of nucleic acid hybridisation experiments the 35 genes can be subdivided into two groups (Group 1 and Group 2), each with 15 members, and a small number of other genes not closely related to either group. The Group 1 and Group 2 genes are part of large units of DNA organisation which are IRL Press Limited, Oxford, England -45 kb long (Clark et al., 1984b; Bishop et al., 1985) . Each unit contains one Group 1 gene and one Group 2 gene, -15 kb apart, in a divergent transcriptional orientation (i.e., head-to-head organisation). Here we present the full sequence of the transcription units of a Group 1 and a Group 2 gene, and also some 700 bp of flanking sequence. We show that the Group 2 gene, with two stop codons and a frame-shift mutation, is a pseudogene in the context of the Group 1 gene. However, we cite evidence that raises the possibility that the hypothetical oligopeptide product of the Group 2 gene may have biological activity. Several other differences between the Group 1 and Group 2 genes were observed, some of which may impair the efficiency of transcription or translation of the latter.
Results
Figure lA shows the basic arrangement of Group 1 and Group 2 genes and the regions of DNA sequenced. Figure lB and C shows M13 clones that were generated, respectively, from BS6 (Group 1) and BS2,3 and sequenced. BS2,3 is the name given to a Group 2 gene which, with its flanking regions, is defined by two overlapping clones. In the case of BS6, 568 bp of 5'-flanking sequence, the 3917 bp transcription unit and 136 bp of 3' flanking sequence were determined. Approximately 80% of the sequence was determined on both strands. The region of BS2,3 homologous to that determined for BS6 was sequenced primarily on one strand. Determination of the Group 1 mRNA cap site We previously described the sequence of the combined exons of BS6. The gene encodes a short mRNA of -750 nucleotides within six exons and a long mRNA of 882 nucleotides within seven exons (Clark et al., 1984a) . The two forms are generated by different splicing events. The long mRNA is considerably more abundant. Previously we positioned the mRNA cap site provisionally. On the basis of two criteria, SI nuclease protection and primer extension, we now confirm that it is located 30 1 bp downstream from the TATA box ( Figure 2 ). Comparison of BS6 and BS2,3 Figure 3 shows the sequences of BS6 and BS2,3, aligned to maximise base-pairing homology between them. The boxes surround the exons previously defined for BS6 (Clark et al., 1984a (Kuhn et al., 1984; Clark et al., 1985) this sequence is found to be located 22 bp 5' to the beginning of the poly(A) tract. An identical poly(A) addition signal is present in the homologous position in the BS2,3 sequence. The less abundant short forms of Group 1 mRNA which terminate at the end of an extended exon 6 are polyadenylated at sites that relate to the rare poly(A) addition site ATTAAA at +2964 in the BS1 sequence and the usual AATAAA site at +2979 (Clark et al., 1984a is AATAAA (+2893) and to the second GATAAG (+2907) which has not been reported to be a poly(A) addition site. There are no other AATAAA or ATTAA sequences in the region of BS2,3 within which short mRNA terminates. The present results offer a second explanation of the preponderance of short mRNA among the Group 2 transcripts: differences in the extent to which exon 7 is spliced into the mRNA may be due to differences in these 'internal' poly(A) addition signals rather than to the differences in the splice sites described above. 7he coding region. The consensus sequence CCRCC has been shown to be conserved immediately 5' to the AUG of the Nterminal methionine in a large number of eukaryote mRNAs and is proposed to be involved in ribosome binding (Kozak, 1984a) . Within this consensus the R (usually A) at -3 from AUG is the most highly conserved residue, and its mutation to C in the rat pre-proinsulin gene dramatically reduced the efficiency of translation (Kozak, 1984b) . The sequence immediately 5' to ATG in BS6, CCAAA, conforms reasonably well with the consensus. In BS2,3, however, a 1 bp deletion relative to BS6 brings a C into the -3 position, thus raising a question as to whether BS2,3 transcripts would efficiently initiate translation. Group 2 genes are transcribed much less abundantly than Group 1 genes (Clark et al., 1984a) . The combined exonic sequence of BS2,3 could not code for a mature MUP protein because it has stop codons in exon 1 (+ 156) and exon 3 (+ 1422) and a frame-shift mutation in exon 3 (+ 1472 to + 1473) which generates a stop codon at + 1482. In the other two frames BS2,3 contains no long open reading frames. Thus BS2,3 is a MUP pseudogene in that it has three lesions which make it untranslatable. We showed previously that three other Group 2 genes share the same stop codon in exon 1 and that the mutation therefore is probably ancestral to the Group 2 lineage (Ghazal et al., 1985) . Discussion Splice sites and intronic sequences An interesting feature of the six acceptor sites in each of the genes is the absolute conservation of the four 3 '-terminal bp. The splice acceptor site consensus sequence, derived from many genes, is NCAG, where A and G are absolutely conserved, C is present in 80% of cases, and N can be any base. In all six sites of both MUP genes this sequence is ACAG, the most notable feature being the conservation of the first A. The consensus NCAG is drawn from a large sample of different genes (Breathnach and Chambon, 1981) , and would obscure such a feature of any single gene. We have therefore examined the acceptor sites of a number of genes that have multiple introns: mouse dihydrofolate reductase (Nunberg et al., 1980; Crouse et al., 1982; Simonsen and Levinson, 1983) , alpha-fetoprotein (Law and Dugaiczyk, 1981; Eiferman et al., 1981; Gerin et al., 1981) , alpha-amylase (Hagenbuechle et al., Young et al., 1981) , MHC genes H-2 K-B (Weiss et al., 1983) and H-2 L-D (Moore et al., 1982; Evans et al., 1982) and chicken alpha-2 collagen (Dickson et al., 1981; Wozney et al., 1981) . In all cases, the terminal AG of the acceptor is absolutely conserved, but only in the case of the MUP genes is either of the two preceding nucleotides absolutely conserved.
The conserved A and C residues are complementary to the absolutely conserved G and T of the splice donor sites. We therefore asked how many base pairs would be made between five bases at the donor site of each intron (GTNNN) and the sequence NNNAC of the same intron. In nine cases three and in two cases four base pairs could be made (Table II) . The probability of this arising by chance is very small (3 x 10-5), due almost entirely to the absolute conservation of the donor site T and G residues and the acceptor site A and C residues. This highly non-random complementarity between the two regions suggests that they may come together at some stage in the splicing process. (+) whether complementarity between these two regions of an intron is general, we examined the introns of the genes listed above and also those of the mouse metallothionein (Glanville et al., 1981) and alpha (Mishioka and Leder, 1979) and beta (Konkel et al., 1979) globin genes for evidence of complementarity between the first five bases of the donor site and the five bases before the AG of the acceptor site of the same intron. The average complementarity was 49% which, although less than the 68% found in the MUP introns, is also high. This is partly due to the absolute conservation of position 1 of the donor site and the 80% occupancy of position -3 of the acceptor site by C, but also to the fact that donor site positions 3-5 are nearly always purines while positions -5 to -7 of the acceptor site are nearly always pyrimidines. Thus elevated complementarity between the two regions is very common. If they do associate during splicing, this could follow the association of the donor (Mount et al., 1983; Kramer et al., 1984) and possibly also the acceptor sites (Lemer et al., 1980; Rogers and Wall, 1980) with Ul snRNP, but would presumably precede the formation of the G5'-2'A lariat junction 20 or so bases upstream (Ruskin et al., 1984) . Keller and Noon (1984) discovered the consensus CTGAC 20-55 nucleotides from the acceptor site boundary in a number of introns. During the search, the A residue was required to be present because in some cases it is known to participate in the to yield a protein with the mol. wt. of MUP. Partial sequence analysis of three other Group 2 genes has shown that they all contain the same stop codon in exon 1 (Ghazal et al., 1985 (Vandenbergh et al., 1975) . One is probably a protein, with a mol. wt. > 12 000, i.e., consistent with the mol. wt. of MUP. The activity of this agent largely survives proteolysis, but becomes dialysable. The second agent has a mol. wt. of 860, and seems to be one or more of a mixture of oligopeptides (Vandenberg et al., 1976) . These apparently contradictory observations can be reconciled by a hypothesis based on the structure of the MUP genes. We suggest that the protein agent is MUP, the active part of the molecule being the six N-terminal amino acids, and that the dialysable agent is the hexapeptide coded for by the Group 2 genes. Proteolysis of the protein agent would release dialysable fragments containing the N-terminal hexapeptide. The sequences of the two hexapeptides are quite similar: Group 1, N-Glu-Glu-Ala-Ser-Ser-Thr; Group 2, N-Glu-Glu-AlaArg-Ser-Met. Group I and Group 2 genes have randomly diverged BS6 and BS2,3 are members of the two major groups of MUP genes in the BALB/c genome. The numbers of Group 1 and Group 2 genes are approximately equal . This is because the predominant organisation of the MUP locus is an array of 45 kb domains each containing a Group 1 and a Group 2 gene linked in a divergent orientation (Clark et al., 1984b; Bishop et al., 1985) . We have presented the sequence of BS6 and BS2,3 over a homologous region -4.5 kb in length that includes the entire transcription unit as well as 5' and 3' flanking sequences. The most obvious differences between the two sequences are the three long insertions/deletions. In each case these occur in regions of 'simple sequence' DNA suggesting that they may have been created by 'slippage' during DNA synthesis or repair (Ghosal and Saedler, 1978) . In general, the divergence between the two sequences is uniformly spread across the region sequenced (Table IV) . Thus no recent gene correction has occurred between the two genes such as has been observed between human Gy and Ay globin genes (Slightom et al., 3164 (Clark et al., 1984b; Bishop et al., 1985) .
Materials and methods
Cloned DNA The isolation of MUP genomic clones and subclones is described in Clark et al. ( , 1984b and Bishop et al. (1982) . The propagation of bacteriophage and plasmid clones and the isolation of DNA were carried out as described Clark et al., 1982; Bishop et al., 1982) .
DNA sequencing
To obtain the complete 4 kb sequences of BS6 and BS2,3, fragments of plasmid pBS6-2, pBS6-5, pBS6-1-1, pBS2-2 and pBS3B-3 were cloned into M13mp7, 8 or 9 and sequenced by the dideoxy nucleotide method, essentially as described by Sanger et al. (1977) and Anderson et al. (1980) . Two main strategies were employed to ensure that continuous stretches of sequence would be generated.
(i) The cloned fragments were digested with restriction enzymes that cleave 4 bp recognition sites and 'shotgunned' into M13 vectors. (ii) Larger subfragments were cloned into M13mp8, replicative forms were prepared and a second generation of Ml3 clones containing progressively shorter fragments was isolated by the method of Hong (1982) .
SI nuclease protection
The probe was a 696 bp AluI fragment, extending from nucleotide + 127 to nucleotide -568 in the BS6 sequence (Figure 3) (pH 6.4), 1 mM EDTA, 0.4 M NaCl, 80% formamide. Samples were denatured at 85°C for 15 min and incubated at 50°C for 4 h. Samples were digested with 250 U/ml SI nuclease (Sigma) at 37°C for 1 h in 100 1l of 0.28 M NaCl, 0.05 M NaAc (pH 4.6), 4.5 mM ZnCl2 and 10 Ag/ml single-stranded salmon sperm DNA, phenol extracted, precipitated twice with ethanol and resuspended in 3 11 of formamide dye mix. Primer extension (from Ghosh et al., 1981) The primer extension probe was the 93 bp AluI-Sau961 fragment between nucleotides +34 and + 127 in the BS6 sequence (Figure 3 ). This was prepared and annealed to poly(A)+ RNA in essentially the same way as the S1 protection probe (above). Annealing was terminated by the addition of 250 t1l ice-cold Sequence comparison of a MUP gene and pseudogene 0.3 M NaAc (pH 7.0) followed by two ethanol precipitations. The pellet was resuspended in 50 Al 50 mM Tris-HCI (pH 8.3), 6 mM MgCl2, 40 mM HCI, 10 mM DTT with 1 mM of each deoxynucleotide triphosphate and 1 unit of AMV reverse transcriptase was added. After equilibration on ice for 5-10 min, the reaction mixture was incubated for 3 h at 37°C. NaOH was then added to 0.2 N and the incubation continued for a further 1 h. The reaction mixture was neutralised with 10 N HCI, phenol extracted, and ethanol precipitated twice. Pellets were resuspended in 3 jd of formamide dye mix and loaded on 6% sequencing gels.
